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NATURE AND INTERPRETATION OF FLUID INCLUSIONS I N  GRANULITES 
Jacques L .R .  TOURET, I n s t i t u t e  of E a r t h  S c i e n c e s ,  Free  U n i v e r s i t y ,  
D e  Boele laan  1085, 1081 HV Amsterdam, The Nether lands  
Many g r a n u l i t e s  c o n t a i n  CO, r i c h  h i g h  d e n s i t y  f l u i d  i n c l u s i o n s  
( c a r b o n i c  f l u i d s ) .  T h i s  o b s e r v a t i o n  h a s  l e d  to  t h e  concept  of " c a r b o n i c  
metamorphism", (1) t h e  d r y  c h a r a c t e r  of g r a n u l i t e s  b e i n g  less e x p l a i n e d  by 
t h e  absence  of water ("vapor  a b s e n t  metamorphism") t h a n  by t h e  p r e s e n c e  of 
a C02-r ich f l u i d  phase  which d i l u t e s  t h e  water and lowers c o n s i d e r a b l y  its 
pa r t i a l  p r e s s u r e .  Recent  o b s e r v a t i o n s  have i n d i c a t e d  however t h a t  t h e  
s i t u a t i o n  is much more compl ica ted  t h a n  i n i t i a l l y  assumed and t h a t  any 
i n t e r p r e t a t i o n  must be c a r e f u l l y  e v a l u a t e d  and d i s c u s s e d  a g a i n s t  o t h e r ,  
independent  ev idence .  
NATURE OF FLUID INCLUSIONS:  C a r b o n i c  f l u i d s  are d o m i n a n t  i n  
g r a n u l i t e s ,  b u t  t h e i r  abundance v a r y  g r e a t l y  from a sample to  a n o t h e r .  
P e r f e c t  " g r a n u l i t i c  t e x t u r e "  (equant  c r y s t a l s  w i t h  s t r a i g h t  boundar ies  and 
many t r i p l e  j u n c t i o n s  a t  120') are normally devoid  of f l u i d  i n c l u s i o n s ,  
which are d e s t r o y e d  d u r i n g  t h e  s o l i d  s t a t e  r e c r y s t a l l i z a t i o n  i n h e r e n t  t o  
t h i s  t e x t u r e .  I n  o t h e r  r o c k s ,  f l u i d  i n c l u s i o n  abundance v e r y  from 
a s t o n i s h i n g  h e i g h t s  ( a t  least 10 t o  20% i n  volume i n  g a r n e t  of some I n d i a n  
c h a r n o c k i t e s )  to a f e w  t e n s  of i n c l u s i o n s  i n  a 10 cm2 double  p o l i s h e d  
p l a t e .  Even i f  i t  is n o t  p o s s i b l e  t o  l i n k  t h e  abundance of f l u i d  i n c l u s i o n s  
and t h e  a b s o l u t e  f l u i d  q u a n t i t y  p r e s e n t  a t  t h e  t i m e  o f  t h e i r  f o r m a t i o n ,  
t h i s  must i n d i c a t e  a v e r y  unequal  f l u i d  d i s t r i b u t i o n  d u r i n g  and a f t e r  
g r a n u l i t e  metamorphism. 
Most important, carbonic f l u i d s  are n o t  t h e  o n l y  f l u i d s  o c c u r r i n g  i n  
g r a n u l i t e s .  Other  gaz  components, n o t a b l y  CH, and N, , have been o b s e r v e d ,  
mixed or n o t  w i t h  CO,. P u r e  CH, and/or  N, have always a v e r y  low d e n s i t y  
and t h e y  ere o b v i o u s l y  g e n e r a t e d  or r e e q u i l i b r a t e d  a t  a v e r y  l a te  stage of 
t h e  r o c k  h i s t o r y .  T h i s  poses a s e r i o u s  problem for N, , which, from i ts  
o c c u r r e n c e  (most abundant i n  or n e a r  metasediments ) ,  seems t o  be i n h e r i t e d  
from a premetamorphic stage and must t h e r e f o r e  have gone through t h e  whole 
range of P.T. c o n d i t i o n s .  
Aqueous i n c l u s i o n s ,  p r e s e n t  i n  v a r i a b l e  amounts i n  many g r a n u l i t e s ,  
were i n i t i a l l y  assumed to  be la te  and r e l a t e d  to  t h e  p a r t i a l  r e t r o m o r p h o s i s  
shown by almost any g r a n u l i t e s .  T h i s  is  c e r t a i n l y  correct for  l a te ,  low 
s a l i n i t y ,  h i g h  d e n s i t y  H,O i n c l u s i o n s  (homogenisat ion tempera ture  below 
200'C), b u t  n o t  obvious  for  h i g h  s a l i n i t y ,  N a C l  b e a r i n g  b r i n e s  which, i n  
some g r a n u l i t e s ,  are fa r  more abundant t h a n  CO, i n c l u s i o n s .  They are 
e s s e n t i a l l y  r e l a t e d  to  specific l i t h o t y p e s  ( m e t a p e l i t e s ,  s k a r n s .  meta a c i d  
v o l c a n i c s )  and t h e i r  d i s t r i b u t i o n  i n d i c a t e  t h a t  t h e y  may have c o e x i s t e d  
w i t h  CO, ( immisc ib le  f l u i d s )  d u r i n g  and af ter  peak metamorphism. (2) 
IKTERPRETATION OF FLUID INCLUSIONS DENSITY ( I S O C H O R E S ) .  T h i s  is a v e r y  
compl ica ted  problem which can  b e s t  be a t t e m p t e d  for p u r e  CO,. Note t h a t  t h e  
maximum CO, d e n s i t y  p r e s e n t l y  recorded  w i t h  c e r t a i n t y  i s  1.176 g/cm3, 
c o r r e s p o n d i n g  to  a homogenization t e m p e r a t u r e  ( l i q u i d )  of -56.6.C (CO, 
t r i p l e  p o i n t ) .  A l l  i n c l u s i o n s  which homogenize a t  lower tempera tures  
( " m e t a s t a b l e  e x t e n s i o n  of t h e  l i q u i d - v a p o r  curve")  p r e c i s e l y  i n v e s t i g a t e d  
so f a r  are C0,-N, m i x t u r e s .  ( 3 ) .  
High d e n s i t y  CO, i n c l u s i o n s  t e n d  t o  r e e q u i l i b r a t e  e a s i l y  t o  changes i n  
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e x t e r n a l  P-T cond i t ions .  This  is  shown e.g. by many d e c r e p i t a t i o n  features 
and ex tens ive  t r a n s p o s i t i o n  a f  former inc lus ion  t r a i l s  a long  new d i r e c t i o n s .  
I n  some cases, a c a r e f u l  observa t ion  e s t a b l i s h e s  a sequence of  i nc lus ion  
formation, from primary to s e v e r a l  genera t ions  o f  secondary ones.  Primary 
i n c l u s i o n s  are e s p e c i a l l y  abundant i n  some minera ls ,  no tab ly  ga rne t  and 
plagioclase, b u t  they  may a l s o  be found i n  uns t ra ined  minerals  (e.g. q u a r t z )  
t o t a l l y  enclosed and p ro tec t ed  i n  another  larger mineral  g r a i n  (e.g. qua r t z  
i n  g a r n e t  or p l a g i o c l a s e ) .  Contrary t o  earlier hypothesis  (4). i t  has been 
found t h a t  success ive  genera t ions  do n o t  s y s t e m a t i c a l l y  correspond to  a 
decrease o f  i n c l u s i o n  dens i ty .  Th i s  complicates  obviously t h e  i n t e r p r e t a t i o n  
of f l u i d  i n c l u s i o n  data ( h i g h e s t  d e n s i t y  i n c l u s i o n s  cannot  be longer  
considered as closest to peak metamorphic cond i t ions )  and, i n  o r d e r  to  
c h a r a c t e r i z e  a synmetamorphic f l u i d ,  s e v e r a l  cond i t ions  mus t  be  f u l f i l l e d :  
1) A well defined isochore, corresponding to a precisely identified 
generation of fluid inclusions, must be consistent with a set of P.T. 
conditions derived from coexisting minerals (Intersection of the isochore and 
the P.T. "boz" of a given metamorphic assemblage). 
2) Later inclusions in the same sample must Jut1 on isochores differing 
significantly from the one corresponding to early inclusions. 
The t r end  of v a r i a t i o n  (evolu t ion  towards h ighe r  or lower d e n s i t i e s )  
d e f i n e s  2 major types of p o s s i b l e  post metamorphic P.T. trajectories: 
i) "Adiaba t i c  u p l i f t  path",  i n  which p res su re  decreases  faster than 
temperature  ( e s s e n t i a l l y  v e r t i c a l  movements, decrease  o f  d e n s i t y  with time). 
i i )  " I s o b a r i c  coo l ing  path" showing an oppos i t e  t rend  and an inc rease  of  
CO, d e n s i t y  i n  younger i n c l u s i o n s .  (2)  
Two examples are d i s c u s s e d  i n  some d e t a i l :  West Uusimaa Complex 
( F i n l a n d )  , a low pres su re  g r a n u l i t e  dome i l l u s t r a t i n g  t h e  first t rend  
( i s o b a r i c  u p l i f t )  and a myloni t ic  charnoki te  of Dodda Betta, I n d i a ,  i n  which 
3 success ive  gene ra t ions  of CO, i n c l u s i o n s  i n  g a r n e t ,  p l a g i o c l a s e  and qua r t z  
show a d e n s i t y  i n c r e a s e  from 0.96 g / c d  i n  g a r n e t  t o  1.12 g/cm3 i n  qua r t z .  It 
is suggested t h a t  t h e  i s o b a r i c  coo l ing  t r end  can be due, e i t h e r  to '  t h e  
i n t r u s i o n  a t  depth  of deep s e a t e d ,  synmetarnorphic i n t r u s i v e  masses, or to  
large scale h o r i z o n t a l  t h r u s t i n g .  
3) The nature of the fluid must correspond to the theoretical composition 
predicted from heterogeneous mineral equilibrium. 
A t  a time where thermodynamics and t h e  theory o f  mineral  e q u i l i b r i a  allow t h e  
p r e d i c t i o n  of many f l u i d s ,  t h i s  cond i t ion  may seem obvious.  It m u s t  be 
recognized,  however, t h a t  it has  up to now met wi th  a l i m i t e d  success and 
t h a t ,  i n  many cases, t h e  observed composition d i f f e r s  g r o s s l y  from t h e  
expected one: CO, i n  w o l l a s t o n i t e  ska rns  (Wil lesboro.  N e w  J e r s e y ) ,  CO, i n  
rocks  where t h e  combination of fO, ,  P and T should i n d i c a t e  more reduced 
s p e c i e s ,  etc. (5) 
Each case must be d iscussed  s e p e r a t e l y ,  b u t  there are a t  l e a s t  some p o s s i b l e  
answers for  many observed d i sc repanc ie s :  
i) I n  t h e  lower c r u s t ,  f l u i d  composition may be l o c a l l y  buf fered  and vary 
markedly on s h o r t  d i s t a n c e .  Th i s  may r e s u l t  i n  apparent ly  immiscible mixtures  
of e.g. b r i n e s  and CO,, a s i t u a t i o n  which has  been obscured i n  many 
metal imestones and skarn  r e l a t e d  occurrences ( 2 ) .  It is  p o s s i b l e  t h a t  t h e  CO, 
observed i n  Willesboro samples rep resen t  an e x t e r n a l l y  der ived  d r o p l e t  i n  t he  
real metamorphic f l u i d ,  a b r i n e .  
ii) Many systems are n o t  i n t e r n a l l y  buf fered  for f l u i d  composition. Th i s  is  
t h e  case e.g. f o r  cha rnock i t e s ,  i n  which CO, was most probably in t roduced  i n  
t h e  magmatic stage, e i t h e r  as d i s so lved  gazes  or from t h e  breakdown of 
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ca rbonate  melts ( 2 , 6 ) .  I f  oxygen fugac i ty  is buffered  by t h e  QW assemblage 
CO, is t h e  dominant species a t  7 kb to ta l  pressure f o r  temperatures above 
6OO'C (F ig .  10, i n  5 ) .  Lower fO,  w i l l  d r a s t i c a l l y  decrease  t h e  CO, con ten t ,  
and a t  QMF-2 log u n i t s ,  fo r  in s t ance ,  CO, is  only  dominant a t  temperature 
above 9OO'C. Many fO, recorded by opaque assemblages correspond to t h e  CO, 
a b s e n t  f i e l d ,  b u t  o n l y  a t  tempera ture  w e l l  below any p o s s i b l e  peak 
metamorphic temperature .  Conversely,  t h e  f e w  r e s u l t s  which correspond to peak 
temperatures  (about  800-c) are f requent ly  above the  g r a p h i t e  s t a b i l i t y  l i n e  
and hence c o n s i s t e n t  wi th  a CO, f l u i d .  
I n  conclus ion  t h e  i n t e r p r e t a t i o n  of f l u i d  i n c l u s i o n s  i n  g r a n u l i t e s  is a 
d i f f i c u l t  problem which r e q u i r e s  s e v e r a l  condi t ions :  - Favourable samples: P o s s i b i l i t y  to e s t a b l i s h  i n c l u s i o n  chronology, l a c k  of 
obvious p e r t u r b a t i o n  and r e c r y s t a l l i z a t i o n .  - Very c a r e f u l  obse rva t ion  and comparison of f l u i d  and s o l i d  mineral  d a t a  a t  
t h e  scale o f  t h e  hand specimen. P-T sol id  estimates and f l u i d  i n c l u s i o n  
i n v e s t i g a t i o n s  must be done i n  t h e  same specimen and, i d e a l l y ,  i n  t h e  same 
t h i n  s e c t i o n .  - Absolute  n e c e s s i t y  to d i s c u s s  t h e  f l u i d  i n c l u s i o n  information aga ins t  o t h e r  
independent  evidences.  It must be remembered, however, t h a t  any s o l i d  
assemblage may evolve  after its c r y s t a l l i z a t i o n  and t h a t  f l u i d  i n c l u s i o n s  are 
n o t  a p r i o r i  more s e n s i t i v e  to  e x t e r n a l  p e r t u r b a t i o n  than  rock forming 
minera ls .  
Once these l i m i t a t i o n s  and d i f f i c u l t i e s  are accepted ,  i t  becomes ev iden t  t h a t  
t h e  p o t e n t i a l  in format ion  contained i n  f l u i d  i n c l u s i o n s  and i n  t h e  a s soc ia t ed  
minera ls  is o f  prime importance f o r  t h e  i n t e r p r e t a t i o n  o f  t h e  rock h i s t o r y .  
Ana ly t i ca l  t echniques  and t h e o r e t i c a l  background are now s u f f i c i e n t l y  w e l l  
e s t a b l i s h e d .  Only t h e  m u l t i p l i c a t i o n  of p r e c i s e l y  s t u d i e d  cases w i l l  h e l p  to  
understand f u l l y  t h e i r  message. 
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